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ABSTRACT 
 
The uranium mining is one of the main activities of the nuclear fuel cycle that can contribute to the increased 
exposure to radioactive materials and is one of the main routes of contamination of soil by natural radionuclides. 
This study investigated the sorption of uranium in brazilian soils, through sorption isotherms performed in 
batch.   In this study, two types of soils were selected: Ferralsols Red and Nitosol. The adjustment of the 
experimental data to  the kinetic models were evaluated by two approaches: the traditional, based on the 
coefficient of determination (R2); and the theoretical and informative, based on Corrected Akaike Information 
Criteria (AICC). The coefficient of determination (R2), revealed that, although empirical, both the kinetic model, 
Freundlich and Langmuir, describes satisfactorily the experimental data, showing R2  values higher than 0.9, 
while the partition constant model was not suitable for describe these sorption data. The AICC  model analysis 
showed that the Langmuir model fit the U sorption curve well for Ferralsols Red, while the Freundlich model 
fits better to Nitosol. This study has highlighted the role of organic matter on the sorption of uranium in highly 
weathered soils, rich in oxyhydroxides and low activity clays. The Kd values reported in this study differ from 
those recommended by the United States Environmental Protection Agency, therefore must be considered as 
reference values for highly weathered soils, since it refers to Brazilian pedoenvironmental conditions. The low 
Kd values obtained in this study allowed us to evaluate the high vulnerability of highly weathered soils to 
uranium contamination. 
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1.  INTRODUCTION 
 
The mining of uranium is one of the main activities that can contribute to the increased 
exposure to radioactive contamination and is one of the main pathways of contamination of 
natural radionuclides in soil. 
 
Radioactive contamination of the environment arising from mining activities, processing and 
uranium processing occurred in many countries. Uranium is referred to as the most common 
radioactive  contaminant  of  surface  soils  and  groundwater, according to  Department  US 
Energy Facilities [1]. The soil ability to adsorb ions from aqueous solution is one of its main 
attributes for both interfere with fertility of this land, as the carrying capacity while waste 
receptacle [2]. This is a very complex and heterogeneous medium, consisting of a solid phase 
containing minerals and organic matter and fluid phase, which correspond to water and soil 
air. These phases interact and these interactions determine the dynamics of ions in the soil 
system.  To  further  evaluate  the  potential  risk  and  toxicity  of  contaminants  in  soils  is 
necessary to know the contaminant fraction which is mobile and possibly bioavailable [2]. 
The distribution coefficient (Kd) is the most commonly known parameter used to describe the 
adsorption of contaminants in  soil  [3]. The  Kd  is  inserted  in  various  chemical  models 
allowing to estimate the amount of contaminant in the soil solution, mobility loss by leaching 
and absorption by plants. Soil properties such as pH, organic matter content, and content type 
and clay minerals, contaminant nature, among others directly affect the Kd values. This fact 
has caused some environmental protection agencies establish generic Kd values for various 
organic and inorganic contaminants. However, due to the wide variation of experimental 
conditions, the tabulated results are difficult to compare and interpretation. Therefore, the 
experimental determination of K d values which reflect the reality of Brazilian tropical soils 
are needed to estimate more consistent way risk maps and decision making. Studies on 
uranium behavior in highly weathered soils are still incipient and are justified in the face of 
complexity and heterogeneity of these soils, which occur mostly in Brazil, and are regarded 
as vulnerable to radioactive contamination [4]. 
 
 
 
2.  OBJECTIVES 
 
This work aimed to study the kinetic behavior of uranium in two Brazilian soils, with an 
Ferralsols Red of tropical climate and Nitosol subtropical climate. Specifically this study 
aimed to: 
•   Perform testing in batches to establish the time of balance-ground solution. 
• Perform testing in batches to establish the behavior of adsorption isotherms and fit the 
models of Langmuir, Freundlich and constant partition in highly weathered soils. 
•   Perform multimodel analysis based on the Akaike Information Criterion corrected 
(AICC).
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3.  MATERIALS AND METHODS 
 
Kaolinitic soils, and laterite rich in oxides of iron, aluminum and titanium prevalent in 
tropical conditions. They are low fertility soils compared to temperate soil, rich in clay 
minerals which are essential elements with higher retention capacity for the plant metabolism 
[5]. For this study were selected a typically tropical soil sample: Ferralsols Red collected in 
South Matogrosso the state and a soil sample of subtropical climate Nitosol collected in the 
state of Santa Catarina. The soil samples were collected according to the Embrapa Solos 
collection protocols [6]. 
 
 
3.1. Determination of the equilibrium times 
Were prepared 1800mL of solution of uranium 20 ppm for conducting the tests of equilibrium 
time. The times worked were 2h, 4h, 6h, 10h, 24h, 48h, 72h and 96h. In falcon tubes were 
added 1g of soil and 20 mL of the solution 20ppm, this test was carried out in duplicate. The 
tubes were taken to the constant agitation of 120 beats per minute, Fig. 1. Also performed by 
replacing the blank test solution 20ppm nitric acid solution 0.1M as well as test control with 
the falcon tube containing only 20ppm uranium solution. Both the blank and the control test 
were performed in duplicate. At the end of each time the samples were removed from the 
agitation, centrifuged at 3000rpm for five minutes, filtered through Whatman filter paper 41, 
Fig. 2, and conducted to ICP-OES laboratory for analysis, Fig. 3. With the results was plotted 
graph uranium concentration in the liquid phase versus time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Agitation system 
 
 
 
 
Figure 2: Filtering system 
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Figure 3: ICP-OES Optima 2100DV 
 
 
3.2. Testing of adsorption isotherms 
Having  the  ground  balance  each  time  prepared  solutions  of  different  concentrations  of 
uranium: blank (0 ppm), 5ppm, 10ppm, 20ppm, 30ppm and 40ppm. For each ground track and 
each concentration was separated two 50mL falcon tubes and to each was added 1 g soil and 
20mL of the corresponding uranium solution. Stirring was conducted in the same manner as in 
the above test soil until each reached their equilibrium time. The samples were centrifuges at 
3000rpm for five minutes, filtered on Whatman 41 filter paper and conducted to ICP-OES 
laboratory for analysis. With the results was plot the graph amount of uranium adsorbed on the 
ground versus initial concentration. 
 
3.3. Determination of uranium via ICP-OES 
In the present study employed the analytical technique ICP-OES by three main factors: the 
uranium present in the sulfuric liquor is especially in the form of ion UO2 + high dissociation 
energy, complexity of the bleach and soil for the presence of multi-element liable interference 
and   the   possibility   of   determining   both   the   uranium   and   interfering   elements. 
Uranium determinations were performed at a wavelength of 409.014nm due to improved 
resolution, low noise and have lower spectral interference from other components of bleach 
and soil [7]. This decision was taken after previous analysis of x-ray fluorescence to verify 
the basic composition of the samples. 
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4.  RESULTS 
 
4.1. Results of soil analysis 
According to the results of soil analysis presented in Table 1 we can see that the Ferralsols 
Red is an acid soil, medium texture, with low Cation Exchange Capacity CEC (<10). The 
Nitosol is an acid soil, clayey, with high CEC (> 10), high levels of organic matter (OM) and 
nutrients. 
 
 
Table 1: Physical and chemical properties of soils 
 
Soil pH P (mg/Kg) 
K 
(mg/Kg) 
Ca 
(cmolc/Kg) 
Mg 
(cmolc/Kg) 
H+Al 
(cmolc/Kg) 
Ferralsols Red 
 
5.9 
 
2 
 
47 
 
0.25 
 
0.2 
 
7.1 
 
Nitosol 
 
 
5 
 
3 
 
150 
 
3.5 
 
3 
 
9.2 
 
 
Soils Al (cmolc/Kg) CEC (cmolc/Kg) Clay (g/Kg) 
Sand  
(g/Kg) 
O.M  
(g/Kg) 
V (%) 
 
U 
(mg/Kg) 
Ferralsols Red 
 
0.5 
 
7.7 
 
396 
 
477 
 
32.6 
 
7 
 
0.206 
Nitosol 
 
0.5 
 
16.1 
 
537 
 
163 
 
48.5 
 
43 
 
< LD 
 
 
The analysis of X-ray diffraction, performed at the Department of Chemical and Waste Nuclear 
Engineering Institute Laboratory show that in mineralogical terms soils are similar, with 
predominance of quartz and kaolinite clay as the main component. In the Ferralsols Red was 
detected in addition to these components, the presence of magnetite, proven by exposing the 
sample to a magnetic field (Table 2). The results of fluorescence analysis detected about 34% 
of C in Nitosol, confirming the importance of organ support in this sample (Table 3). 
 
 
Table 2: Diffraction analysis results of X-ray 
 
Soil Minerals 
Quartz Kaolinite Hematite Magnetite 
Ferralsols Red 
 
Predominant 
 
Detected 
 
Detected 
 
Detected 
 
Nitosol Predominant 
 
Detected 
 
Detected 
 
Not detected 
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Table 3: Fluorescence analysis results of X-ray 
 
 
Ferralsols Red
 
 Nitosol
 
Analyte Result  Analyte  Result 
SiO2 41.30%  SiO2  28.36% 
 
Al2O3 
 
32.29%  
 
Al2O3 
 
 
20.97% 
 
Fe2O3 
 
22.28%  
 
Fe2O3 
 
 
12.43% 
 
TiO2 
 
3.76%  
 
TiO2 
 
 
2.99% 
 
SO3 
 
0.13%  
 
C  
 
33.99% 
 
others 
 
0.24% 
 
 
others 
 
 
1.25% 
 
 
 
4.2. Determination of the equilibrium time 
In Fig. 4 one can observe the results of the preliminary test for determining the minimum 
time required so that the system reaches the steady state at room temperature (23 ± 5 0C). 
The equilibrium time of soils was 72 hours. The Nitosol presented behavior isotherm similar 
to Ferrasols Red, but with considerably higher maximum sorption. 
 
 
 
 
Figure 4: Equilibrium time
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4.3. Adsorption isotherms 
The isotherms are shown with the aspect of the L type with non-linear and concave slope 
relative to the abscissa indicating the number of sites available for sorption decreases with 
increasing uranium concentration in the liquid phase Fig. 5. According to results obtained by x-
ray diffraction in all the samples there is a predominance of quartz and kaolinite (clay 1:1) and 
oxides of iron, aluminum and titanium. Already the sample Nitosol was the one who 
introduced C concentrations detectable by fluorescence, highlighting the relevance of organic 
content in this sample and justifying the high CEC presented by this ground when compared to 
other samples ferralsols Red. Thus, the higher adsorption of uranium can be justified by the 
affinity of uranyl ions UO22 + with organic matter, due to the tendency to form complexes with 
humic and fulvic acids [8]. 
 
 
 
 
Figure 5: Isotherms 
 
4.3.1. Langmuir isotherms 
By Table 04 it is possible to analyze the kinetic behavior of soils studied according to 
Langmuir. The parameters of this model (Table 05) were obtained from the Langmuir 
linearized  equations Fig. 6.  This  model  accounts  for  the  kinetic  behavior of  soils 
satisfactorily, since R2  showed values close to 1. According to the parameter α, the Nitosol 
showed lower value than the Ferralsols red. Since the parameter β in relation to the Nitosol 
He showed the value approximately twice that Ferralsols Red. once the parameters α and β 
respectively indicate the energy necessary for the sorption occurs and the amount of available 
sites, Nitosol showed the highest maximum sorption of uranium a it features the lowest value of 
α and β greater value. 
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Table 4: Kinetic equations of Langmuir 
 
Soil 
Equation of kinetic model of 
Langmuir 
Equation equilibrium 
parameter (RL) 
Ferralsols Red 
 
x/m = 0.004881/(1+0.07963xCe) 
 
RL = 1/(1+0.07963xCo) 
 
Nitosol 
 
x/m = 0.006752/(1+0.05329xCe) 
 
RL = 1/(1+0.05329xCo) 
 
 
 
Table 5: Langmuir parameters 
 
Soil Langmuir isotherms 
  α β R2 
Ferralsols Red 
 
0.07963 
 
0.0613 
 
0.9970 
 
Nitosol 
 
0.05329 
 
0.1267 
 
0.9706 
 
 
 
 
 
Figure 6: Isotherm linearized 
 
 
Equilibrium parameter equations RL (Table 4) allow to predict the shape of the isotherms as a 
function of the alpha constant and the initial concentrations. The RL results shown in Table 6 in 
the range 0 <RL <1 indicate that the isotherms obtained are favorable for the worked 
concentrations, ie, the amount of uranium retained per unit mass of soil is high for low 
equilibrium concentration uranium in the liquid phase, which is in accordance with the shapes of 
the isotherms obtained in Figure 5. Once the Langmuir constant (α) for a soil capable of 
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uranium contamination by factor RL is possible to predict the process behavior adsorption is 
favorable, not favorable, linear or irreversible; just by knowing the initial concentration of the 
contaminant uranium. 
 
 
Table 6: Equilibrium parameters from the initial concentrations 
 
Initial 
concentration(mg/L) 
Ferralsols Red 
 
Nitosol 
 
 RL RL 
4.877 
 
0.72 
 
0.79 
 
9.873 
 
0.56 
 
0.66 
 
20.36 
 
0.38 
 
0.48 
 
29.84 
 
0.30 
 
0.39 
 
39.44 0.24 0.32 
 
4.3.2 Freundlich isotherms 
The analysis of the kinetic behavior of soils studied according to Freundlich can be made 
from the results shown in Table 07. The parameters of the kinetic equations Freundlich 
(Table 08) were obtained from the linearized equations (Figure 07). This model explains 
satisfactorily kinetic behavior Ferralsols Red and Nitosol, since, as the Langmuir model, R2 
showed values close to 1. According to Kf values, the Nitosol showed higher sorption 
capacity of uranium. Regarding the dimensionless parameter 1 / n, the two soils showed 
favorable isotherms, since the values of 1/n is comprised between zero and one. The Nitosol 
showed the highest value of parameter 1/n, being more favorable compared with the isotherm 
Ferralsols Red. 
 
 
Table 07: Kinetic equation of Freundlich 
 
Soils  Kinetic equation of Freundlich 
Ferralsols Red 
 
x/m = 0.00786xCe(0.5062) 
 
Nitosol 
 
x/m = 0.01086xCe(0.5831) 
 
 
 
Table 8: Freundlich parameters 
 
Soils Freundlich isotherms 
Kf 1/n R2 
Ferralsols Red 
 
0.00786 
 
0.5062 
 
0.9976 
 
Nitosol 
 
0.01086 
 
0.5831 
 
0.9984 
 
INAC 2015, São Paulo, SP, Brazil. 
 
 
 
 
 
 
 
 
Figure 07: Freundlich isotherm linearized 
 
 
 
4.4. Determination of Kd 
Given the practical importance of the solid-solution distribution coefficient (Kd), must be 
made some observations about the results. In view of the sorption isotherms showed non- 
linear behavior Fig. 8, ie, the coefficient of determination value R2 of less than 1 (Table 09), 
the maximum obtained for Nitosol of 0.7724. Therefore, it is not reasonable to consider the 
value of the slope of the regression line (Table 09) as the real Kd. However, the Kd values 
observed individually at each point of the isotherms should not be disposed around and are 
listed in Table 14. The maximum Nitosol showed higher Kd, about 6.362 ml/g; and Ferralsols 
Red 3.645 ml/g. 
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Figure 08: Linear isotherm 
 
 
 
Table 9: Linear isotherms parameters 
 
Soil 
Linear isotherms 
Kd (L/mg) R2 
Ferralsols Red 
 
0.0015 0.382 
Nitosol 
 
0.0028 0.7724 
 
 
Through the data Table 01 can calculate the percentage of fines (clay, organic matter and oxy- 
hydroxides) of each of the soils: Nitosol, 78.2%; and Ferralsols Red, 56.3%.  Kd values related 
to the pH and percentage of fines for each of uranium oxidation state. It would be expected for 
the Kd studied in uranium +6 oxidation state of the samples Nitosol and Red Ferralsols 
presented Kd values of approximately 20 ml / g. This fact does not occur due to the dominance 
in Brazilian tropical and subtropical soils the type of clays 1: 1 and the high levels of iron and 
aluminum oxides which have low CEC, and the organic matter content the main contributor to 
the increase in CEC and consequently Kd [10]. 
 
The values shown in Table 9 do not describe the sorption kinetics do not describe the uranium 
sorption kinetics by constant partition to soils. Yet in a timely manner Kd values obtained 
have physical meaning and can be applied to feed radioecological models of risk prediction for 
describe the actual conditions of adsorption in the studied concentrations, since Kd values 
tabulated for tropical soils, such as the Brazilian soils, they are scarce. 
 
The Kd values shown indicate the ability of these soils adsorb the uranium to a given 
contamination, so that it is possible to estimate the actual value the concentration adsorbed 
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from the liquid phase in which these values were obtained. In scenarios whose real uranium Kd 
is less than the chosen, the use of these values is being conservative, on the other hand, in 
scenarios whose real uranium Kd is the largest value chosen, the use of this will be 
underestimating the actual capacity of soil sorption for uranium. 
 
 
Table 10: Kd values of uranium 
  Ferrasols Red Nitosol 
Co (mg/L) Kd (mL/g) Kd (mL/g) 
4.877 
 
3.6 
 
6.4 
 
9.873 
 
2.9 
 
4.6 
 
20.360 
 
1.9 
 
3.3 
 
29.840 
 
1.6 
 
3.0 
 
39.440 1.2 2.5 
 
 
4.5. Evaluation of the model adjustment to the experimental data 
According to the results of the coefficient of determination R2 (Table 11), it can be seen that 
none of soils showed a linear sorption isotherm. 
 
 
Table 11: Kd (ml/g) of uranium(VI), (extracted to USEPA 2004) 
 
Material 
 
pH ≤ 5 
 
5 < pH < 9 
 
pH  9 
 
Fines (%) 
 
< 10 
 
9 – 30 
 
> 30 
 
< 10 
 
10 – 30 
 
> 30 
 
< 10 
 
10 – 30 
 
> 30 
 
U 
 
0 
 
5 
 
50 
 
0 
 
50 
 
500 
 
0 
 
5 
 
50 
 
U (IV) 
 
20 
 
30 
 
50 
 
100 
 
250 
 
500 
 
200 
 
500 
 
1000 
 
U(VI) 2 5 20 1 2 5 0 1 2 
*Fines (%) = sum of percentages of clay, organic matter, and hydrous-oxide in soil 
 
 
The sorption isotherms are rank in AICC and ∆AICC functions, Table 12. According [11], 
although AICC values are positive by definition, is common in computer data processing 
omission occurs resulting in mathematical terms AICC negative values. If this occurs, [11] 
recommended that data be analyzed the same way when AICC obtained positive values, that is, 
it is considered the group of R candidate models who present the lowest amount in the event 
the most negative . Thus, the Ferrasols Red was better Users ranked according to the kinetic 
model of Langmuir due to the lower value of AICC in relation to constant partition models 
(linear) and Freundlich since the Nitosol had the lowest amount of AICC for the kinetic  model  
Freundlich. As  compared  to  the  R2   correlation coefficient,  the  results  of ∆AICC (Table 
13) for the Ferrasols Red, and Nitosol did not show linear behavior, as the ∆AICC values 
were greater than 9, close to 20 to Ferralsols Red and greater than 20 to Nitosol, not 
giving sufficient support to the experimental data due to  excessive loss of information. 
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Choosing the model that best describes the behavior of uranium in the soil should also 
consider the limitations of each model as well as the amount of information that each model 
can offer. The model Freundlich has limited use to low-concentration contamination. The 
model of Langmuir, has its limited use considering that sites available for sorption are not 
predicting uniform multilayer sorption; however provides the most information. 
 
 
Table 12: AICc and ∆ AICc 
 
Ferralsols Red Nitosol 
Model AICc  ∆AICc Modelo AICc  ∆AICc 
Linear 
 
-44 
 
18 
 
Linear 
 
-42 
 
33 
 
Langmuir 
 
-62 
 
0 
 
Langmuir 
 
-50 
 
25 
 
Freundlich -54 9 Freundlich -75 0 
 
 
 
Table 13: Values of determination coefficients (R2) 
 
Soils Langmuir Freundlich Linear isotherms 
  
 
R2 
 
Ferralsols Red 0.9970 0.9976 0.382 
 
 
Nitosol 
 
0.9706 
 
0.9984         0.7724 
 
 
 
 
 
 
3. CONCLUSIONS 
 
This study has highlighted important sorption characteristics of the studied Brazilian soils. 
The fit of the kinetic model to the experimental data, evaluated based on the determination 
coefficient (R2); found that, though empirical, both the kinetic model Freundlich as Langmuir 
satisfactorily describe the  experimental  data,  with  R2   values higher than  0.9,  while  the 
constant partition of the model is not adequate description of sorption data. Already multi 
model assessment undertaken in AICC function, showed that the Langmuir model was the 
best fit to the U sorption curve in Rhodic, while the model Freundlich adjusted better to 
Nitosol. 
 
The Kd values reported in this study differ from those recommended by the United States 
Environmental Protection Agency (20 mL / g for soils with pH <5), so should be considered 
as benchmarks for highly weathered soils because they relate to the conditions Brazilian 
pedoenvironmental. 
 
The low Kd values obtained in this study allowed us to evaluate the high vulnerability of soils 
studied contamination of uranium. Therefore, it is evident the need to generate regional 
parameter values to subsidize environmental radiation protection in mining and tailings that 
result in contamination of highly weathered soils with uranium. 
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